A R T I C L E I N F O
Introduction
Alport syndrome (AS) is an inherited chronic kidney disease (CKD), characterized by nephritic symptoms that appear during early life and progressive impairment of renal function, leading to end-stage renal disease (ESRD) [1] [2] [3] . One of the symbolic features in the kidney is irregularity of glomerular basement membrane (GBM), which is based on the genetic mutation in type IV collagen [3] [4] [5] [6] [7] [8] [9] . More than 80% of patients with AS have X-linked AS (XLAS), which is caused by a mutation in COL4A5 on the X chromosome [5, 6] , the remaining patients have mutations in autosomal COL4A3 or COL4A4 [7] . Because COL4A5 is located on the X chromosome, XLAS occurs more commonly in males, and the condition may progress to ESRD by the age of 40 years [8] . Although the causal genes are known, a detailed mechanism of progression to ESRD has not been elucidated. Therefore, fundamental treatments have not been developed, and dialysis and kidney transplantation at younger age are inevitable [9] .
Previous studies have shown that the severity of AS depends on the type of mutations in COL4A3-5 [4] [5] [6] [8] [9] [10] . Various types of mutations in COL4A3-5, such as nonsense, missense, deletion, insertion, and mutation of the splicing site, have been reported; the relationship between these variants and the clinical features has been vigorously investigated [11] [12] [13] [14] [15] [16] . In male patients with XLAS, the disease severity is strongly associated with the position and type of mutation in Col4a5 [11, 12, 14, 15] . Bekheirnia et al. showed that mutations closer to the 5′ end resulted in earlier onset of ESRD, regardless of the type of mutation [14] . Owing to the wide variety of genetic mutations, the genotype--phenotype correlation in patients with AS has not been well characterized. Therefore, it is important to verify this relationship using AS model animals possessing patients' genetic variations.
Several AS animal models have been developed in dogs or mice [17] [18] [19] [20] [21] [22] [23] . These models are important for pre-clinical studies and elucidation of pathological mechanisms. Using these models, detailed analysis of kidney tissue could be possible in the same genetic background. Especially in the mouse model, differences in the genetic background (e.g., C57BL/6 J or 129/Sv) are associated with different patterns of disease progression, suggesting that animal models are useful to elucidate the underlying mechanisms involved in the development and progression of the disease [24, 25] . Furthermore, pharmacological therapy, such as that with angiotensin-converting enzyme inhibitors, was shown to delay the disease onset as in humans [26, 27] . However, despite the diverse genetic variability observed in patients with AS, only a few animal models have been established. For detailed understanding of AS, development of various animal models that harbor the mutations observed in patients with AS is needed.
In this study, we generated novel Col4a5 mutant mice harboring a nonsense mutation of exon 21 (c. 1411 C > T, p. R471X) of Col4a5, which was derived from a patient with XLAS, as reported by Yamamura et al. [16] . We developed the model possessing this variant because the male members in the family having this variant showed typical clinical and pathological findings for XLAS and expected to have XLAS symptoms in mice. Mutant mice were generated using clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) system [28, 29] . Their phenotypes were investigated by the measurement of urinary and blood biochemical parameters and light and electron microscopy to investigate whether hemizygous R471X male mice developed AS-like pathology.
Materials and methods

Animals
All mice were provided ad libitum access to a normal chow diet (CE-2; CLEA Japan) and water and were housed in a temperature-and humidity-controlled room. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Shonan Research Centre (IACUC of SRC), Takeda Pharmaceutical Company Limited, which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. All procedures were conducted in accordance with the guidelines of the IACUC of SRC.
Production of Col4a5 knock-in mice
A single-guide RNA (sgRNA) and single-stranded oligodeoxynucleotide (ssODN) were designed to produce mutant mice harboring a mutation, which causes a stop codon in exon 21 (c. 1411C > T, p. R471X) of Col4a5 (Fig. 1a) [16] . For in vitro transcription, T7 promoter was added to the sgRNA sequence using polymerase chain reaction (PCR). The amplified PCR fragment was transcribed to sgRNA using MEGA shortscript T7 Kit (Life Technologies, California, USA), and sgRNA was purified using RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. ssODN, which has a target mutation and several silent mutations to prevent re-cleavage by Cas9 nuclease, was purchased from Eurofins Genomics (Tokyo, Japan). The Cas9 mRNA (5meC, ψ) was purchased from TriLink Biotechnologies (California, USA).
Cas9 mRNA (final, 100 ng/μL), sgRNA (50 ng/μL), and ssODN (50 ng/μL) were mixed in 0.1 × TE buffer [10 mM Tris-HCl, 0.1 mM EDTA (pH 8.0)]. The mixture was microinjected into the cytoplasm of C57BL/6 J fertilized eggs (CLEA Japan, Tokyo, Japan). The injected eggs were incubated at 37°C until the 2-cell stage. The 2-cell-stage embryos were transferred into the ampulla of the oviduct of pseudopregnant ICR females (Charles River Laboratories Japan, Yokohama, Japan). Newborn mice were genotyped, and KI (R471X) mice were crossed with C57BL/6 J mice for two generations.
Genotyping
Genomic DNA in the ear was extracted from each offspring using a DNeasy Kit (Qiagen) or Puregene Kit (Qiagen) according to the manufacturer's protocol. The copy number of wild-type Col4a5 was analyzed using quantitative PCR (qPCR) with the genomic DNA as a template. qPCR was performed using TaqMan Fast Universal PCR MasterMix (Life Technologies), and TaqMan MGB probe kit was used to design the sgRNA target sequence (Supplementary Table S1 ). All samples were analyzed using 7900HT Fast Real Time PCR system (Life Technologies) and normalized against the nerve growth factor (Ngf). To confirm the insertion of R471X mutation, PCR was performed using primers flanking exon 21 of Col4a5 (5′-AGTTTGTGGTTTTGGTCATTCGTCT-3′, 5′-GGAGGTGTGCTGGAGTCAAGTTATT-3′, product size: 464 bp). The following cycle conditions were used: 98°C for 10 s, 60°C for 15 s, and 68°C for 15 s for 32 cycles. The PCR fragments were treated with ExoSAP-IT (Affymetrix, California, USA) and sequenced using the same primers as above and BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies) with 3130xl Genetic Analyzer (Life Technologies).
Survival test
Mice that died suddenly or were euthanized were counted as dead. Mice that exhibited > 20% weight loss since the preceding week were euthanized, and their blood and kidneys were harvested for investigation of end-stage pathology. The survival test was terminated when the survival rate of hemizygous R471X male mice fell below 30%.
mRNA expression analysis
Total RNA was extracted from the kidney cortex using ISOGEN II (Nippon Gene), followed by DNase treatment and total RNA purification using RNeasy mini kit (Qiagen). Reverse transcription reaction was performed with SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific, Massachusetts, USA) using Oligo (dT) primer. Expression levels of Col4a5 mRNA were measured by quantitative PCR (qPCR) with TaqMan Gene Expression Assays (Mm00801606_m1) (Life Technologies). For the endogenous control, TaqMan Rodent GAPDH Control Reagent (Life Technologies) was used.
Urine parameters
To collect urine samples, mice were placed individually in metabolic cages for 16 h, and urine was collected under conditions of free access to water and diet. Urine was collected from the age of 6-30 weeks at 4-week intervals. Urinary albumin (ALB) level was measured using ELISA with Albuwell M (Exocell, Philadelphia, USA). Urinary creatinine (CRE) level was measured by Hitachi 7170 type automatic analyzer (Hitachi, Tokyo, Japan) with L-Type Wako CREM (Wako Pure Chemicals Industries, Osaka, Japan). Hematuria was also examined using Uriace (Kc) (Terumo, Tokyo, Japan). These measurements were performed according to the manufacturers' protocols.
Serum biochemical parameters
Mice were anesthetized under triple mixed anesthesia (medetomidine, midazolam and butorphanol: 0.15, 3.0, and 3.75 mg/kg), then abdominalized and blood was collected from the heart. Serum biochemical parameters [total protein (TP), ALB, blood urea nitrogen (BUN) and CRE] were measured using Hitachi Automatic Biochemical Analyzer 7180 (Hitachi), along with Total Protein-HR2 (Wako), Albumin 2-HA (Wako), UN-S (Denka Seiken, Tokyo, Japan), and L-type Creatinine M (Wako). All measurements were performed according to the manufacturers' protocols.
Immunohistochemistry
The kidneys were removed and fixed in 4% paraformaldehyde for 4 h and then placed in 18% sucrose solution for over 16 h. Fixed kidneys were frozen and sectioned. The sections were stained with FITC-conjugated anti-COL4A5 antibody (H53; Shigei Medical Research Institute, Okayama, Japan) according to the manufacturer's protocol.
Histology
Kidneys were fixed in 4% paraformaldehyde before being embedded in paraffin for the preparation of sections. Fixed sections were stained with periodic acid methenamine silver (PAM), hematoxylin and eosin (HE) and Masson trichrome (MT).
Transmission electron microscopy (TEM)
For electron microscopy, 2-to 3-mm pieces of external renal cortex were pre-fixed with 2% glutaraldehyde and 2% paraformaldehyde in phosphate buffer and then fixed in 2% osmium tetroxide solution for 3 h in ice bath. Fixed sections were embedded in Epon 812 and were then ultrasliced. Ultrathin sections were mounted on 200 mesh copper grids and stained with 2% uranyl acetate for 15 min at 60°C and subsequently with lead citrate solution (Sigma-Aldrich, St. Louis, MO) for 5 min at room temperature. The stained ultrathin sections were examined using H-7600 TEM (Hitachi).
Results
Establishment of Col4a5 knock-in mice
Using the CRISPR/Cas9 system, we created Col4a5 mutant mice harboring R471X nonsense mutation based on a mutation described in a patient with AS [16] . As a result of microinjection of Cas9 mixture into C57BL/6 J fertilized eggs, the target mutation was detected in six mice (two males and four females) out of the 21 weaning offsprings (10 males and 11 females) (Fig. 1a, b) . Because they were fertile, we bred them for two generations on the C57BL/6 J background for phenotypic analysis. The offspring were genotyped as per the Mendelian ratio. The body weight of hemizygous R471X male mice increased normally until 14 weeks of age and did not increase as much as that in the wild-type after 16 weeks of age ( Supplementary Fig. S1 ). They started dying from 26 weeks of age, and 72.2% died by 30 weeks of age (n = 18) ( Supplementary Fig. S2 ). Female mutants were not examined in this study.
For the analysis of Col4a5 mRNA expression level, qPCR was performed using total RNA extracted from the renal cortex of 6-week-old male mice (Fig. 1c) . The expression level of Col4a5 mRNA was remarkably decreased in mutant mice compared with that in wild-type mice. The decrease in Col4a5 mRNA levels in R471X mice was maintained at 14 and 22 weeks of age (data not shown). As illustrated in Fig. 1d , GBM of R471X mice was not stained, suggesting that COL4A5 was not expressed because of the nonsense mutation.
Urine and serum parameters
Urinary ALB levels showed an increasing tendency at 6 weeks of age in R471X mice, which increased with aging and remained high after 22 weeks of age [mean ± standard deviation (SD), 2108 ± 608 μg/16 h; n = 5-6] (Fig. 2a) . Urinary ALB corrected by CRE also increased with aging (Fig. 2b) , and hematuria was observed after 22 weeks of age (data not shown). With regard to serum parameters, R471X mice showed a decrease in TP and an increase in BUN and CRE levels with aging ( Fig. 2c-e) .
Pathological findings
Kidney histology was inspected using light and TEM in R471X mice and controls at 6 and 22 weeks of age.
In light microscopy ( Fig. 3) , few glomeruli in R471X mice exhibited collapsed glomerular tuft accompanied by parietal cell hyperplasia mimicking crescent formation. Tubulointerstitial changes were limited to the peri-glomerular area of involved glomeruli. Such lesions are entirely absent in controls of same age. Marked glomerular changes are recognized in R471X mice of 22 weeks, including glomerular tuft collapse with thickened Bowman's capsule. Parietal cell hyperplasia was occasionally associated. Tubulointerstitial changes are generally associated with accumulated glomerulosclerosis. Again, such lesions were not observed in controls of the same age.
Ultrastructure of the glomeruli at 6 and 22 weeks of age was observed using TEM (Fig. 4) . Six-week-old R471X mice showed focal irregularity of GBM and occasional foot process effacement; however, the average width of GBM in R471X mice was not different from that in wild-type mouse. At 22 weeks of age, mutant mice revealed marked thickening with matrix lamination in GBM. Mesangial matrices were increased.
Discussion
Our mice models have particular merit harboring the actual genetic abnormality of nonsense mutation in human XLAS (R471X). As a consequences, the model revealed more consistent clinical and histological features of XLAS in humans than any other animal models of AS. In this study, we demonstrated AS-like renal pathology in Col4a5 hemizygous, mutant male mice harboring nonsense mutation from a patient with XLAS (R471X). R471X mice showed loss of renal expression of Col4a5 mRNA and protein and increased levels of urinary ALB and serum BUN. These results indicated impaired renal function. Histological investigation revealed glomerular abnormalities in the mutant mice as early as 6 weeks, i. e., glomerular collapse with parietal cell hyperplasia and occasional abnormalities in GBM as revealed by TEM. These findings are mounted in 22 weeks of mutant mice. These pathological features correspond to those of previously reported Col4a3 KO [21, 22] and Col4a5 KO (G5X) mice [23] , and the clinical features mimicked those observed in humans [2, 8] .
R471X mice showed slower disease onset than that in other AS model mice [21] [22] [23] . The median survival time of Col4a3 KO, G5X and R471X mice were 14, 23, and 28 weeks, respectively [21, 23] . Col4a3 KO mice had a mixed genetic background of the 129/Sv and C57BL/6, and G5X mice were backcrossed from the 129/Sv to C57BL/6 for nine generations. G5X mice also showed the highest levels of urinary ALB before 20 weeks of age [23] , whereas the highest values in R471X mice were seen after 22 weeks of age. The slower disease progression in R471X mice may suggest that the genetic background of C57BL/6 J or the mutation site in Col4a5 affected the progression of the disease. This hypothesis was supported by previous reports [14, 24, 25] . Andrews et al. described that Col4a3 KO mice with C57BL/6 J background showed slower disease onset than that in mice with 129/Sv background [24] . Bekheirnia et al. described that the mutation closer to the 5'-end resulted in the early onset of ESRD [14] . The C57BL/6 J background and a nonsense mutation almost 1400 bp downstream from the 5'end of Col4a5 were possibly responsible for the delayed disease onset in R471X mice.
U-ALB and U-ALB/U-CRE are primary contributors of renal dysfunction. These markers started to increase from the age of 10 weeks in R471X mice. The elevation of these markers preceded changes in serum parameters after the age of 14 weeks and the suppression of weight gain after the age of 16 weeks. The precedence of proteinuria is assumed to be due to the collapse of the glomerular filtration barrier at a young age (≤6-10 weeks). As shown in the histological analysis of R471X mice, the gradual spreading of partial glomerular collapses was noted throughout the kidney with aging. Furthermore, R471X mice developed ESRD with the progression of the disease, resulting in death. This process is consistent with the clinical course of XLAS in humans, except for hematuria [8] .
Alport syndrome is also characterized by hearing loss, ocular abnormalities and hematuria [8] . As these features are measurable by non-invasive methods without renal biopsy, they are important for the diagnosis of AS. In this study, hearing loss and ocular abnormalities were not investigated, but hematuria was detected after 22 weeks of age in R471X mice. In most patients with AS, hematuria is detected at a very young age (< 10 years) [8] . In Col4a3 KO mice, micro-hematuria was detected very early (at 2 weeks of age) [21] . R471X mice exhibited slow onset of hematuria. The difference in the timing of hematuria may be affected by the mutation sites or genetic background. Investigation of the genotype-phenotype correlation of these non-invasive features in AS mice models may lead to more accurate prediction of disease progression without performing renal biopsy.
In conclusion, we generated a novel mouse model harboring a nonsense mutation in exon 21 (R471X) of Col4a5 and confirmed the presence of AS-like pathology. R471X mice could help to provide new insights into the mechanisms involved in the development of AS and could be useful models for the pre-clinical study of pharmacological therapies for patients with AS and other various kidney diseases including CKD leading to ESRD. Fig. 4 . Transmission electron microscopy (TEM) images of the glomerular basement membrane. Representative TEM images of glomerular capillary loops from wild-type (WT) and mutant (R471X) male mice are shown. In 6 weeks, R471X mice showed focal thinning and mild irregularity in GBM and focal foot process effacement in podocytes (b). In mutant mice of 22 weeks of age, marked irregularity in GBM, such as thickening and lamination, were noted (d). White arrows indicate glomerular basement membrane. Black arrows indicate podocyte foot processes. Scale bar: 2 µm.
